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Open access under the This work aims to demonstrate the enzymatic production of fatty acid ethyl ester biodiesel from highly
acidic feedstock in a single-step reaction, without co-solvents and avoiding the inhibition of the enzyme
by ethanol and glycerol. Additionally, an empirical equation is proposed to predict the kinetics of the pro-
duction reaction as a function of the used feedstock and catalyst concentration. Biodiesel production from
highly acidic feedstock perform via simultaneous esteriﬁcation of free fatty acids and transesteriﬁcation
of triacylglycerols. Enzymatic catalysis is one of the most promising alternative technologies for the bio-
diesel production. Increasing of the enzymatic bioactivity is crucial for the success of such process in
industrial scale. Currently, stepwise addition of the alcohol or the use of co-solvents have been proposed
to avoid enzyme inhibition, such strategies add downstream processes to the production. These results
can be applied to the development economical-viable enzymatic production of biodiesel in industrial
scale.
 2011 Elsevier Ltd. Open access under the Elsevier OA license.1. Introduction
Biodiesel has become an important renewable fuel as an
alternative to petroleum-based energy. Biodiesel is considered a
carbon-neutral fuel because the carbon present in its exhaust origi-
nally comes from the plant taking in atmospheric carbon and ﬁxing
it. Considering the existing restrictions on greenhouse gas
emissions, biodiesel provides signiﬁcant advantages comparedwith
petroleum-based fuels. Biodiesel consists either of fatty-
acids-methyl-esters (FAME) from methanolysis reactions or fatty-
acids-ethyl-esters (FAEE) when using ethanolysis reactions.
Industrial sources routinely produce biodiesel from vegetable oil
using alkaline transesteriﬁcation of triacylglycerols (TAG), which
generates glycerol as a by-product and requires additional puriﬁca-
tion steps. Additionally, the presence of even a small amount of
contaminating free fatty acid (FFA), less than 4%, impairs the transe-
steriﬁcation reaction by forming soaps when alkaline catalyst is
added (Ma and Hanna, 1999; Fukuda et al., 2001).FAEE, fatty acid ethyl ester;
; HAWF, high-acidity waste
residual oil; TLC, thin layer
matography.
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Elsevier OA license.The high cost of feedstock for biofuel production can represent
up to 95% of the total cost of production and acts as one of the main
bottlenecks to its universal production and consumption (Kulkarni
and Dalai, 2006; Zhang et al., 2003). Most Biodiesel plants are cur-
rently using reﬁned edible vegetable oils as their main feedstock;
therefore, the cost of reﬁned vegetable oils contributes to most of
the overall production cost. Thus, the price of biofuel feedstock
controls the global price of biodiesel (Lam et al., 2010). Using low
cost feedstocks, such as waste cooking oil and other high-acidity
fats, can reduce this cost (Lou et al., 2008; Watanabe et al., 2005;
Zaﬁropoulos et al., 2007), but these sources can form soap during
alkaline-catalyzed transesteriﬁcation, which inhibits the biofuel
production reaction (Zhang and Jiang, 2008). Furthermore, large
amounts of soap can aggregate and prevent the separation of glyc-
erol from biodiesel (Demirbas, 2009; Zhang and Jiang, 2008). Acid-
catalyzed transesteriﬁcation has been proposed as a method for
biodiesel production from high-acid oils. Many chemical methods
have been developed to produce biodiesel by esteriﬁcation of FFAs
(Berchmans and Hirata, 2008; Lou et al., 2008; Zaﬁropoulos et al.,
2007; Zhang and Jiang, 2008). Both processes provide the opportu-
nity to use low-cost, high-acidity substrates for biodiesel produc-
tion (Cavalcanti-Oliveira et al., 2011; Kusdiana and Saka, 2004).
Recently, researchers have proposedmethods to produce biodie-
sel by enzymatic transesteriﬁcation using immobilized lipases as
the catalytic agent. Lipases (E.C.3.1.1.3) have become popular in
the last 10 years because they are active in mild reaction conditions
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matic reactions make the recovery of biofuel products easy and
are insensitive to the presence of FFA (Kulkarni and Dalai, 2006).
The catalysts can also be recovered after reaction, which lowers
the cost of biofuel production. Although lipase-catalyzed biodiesel
production has certain advantages, the process has not been fully
implemented on an industrial scale due to the high cost of enzymes,
slow reaction rates and the deactivation of enzymes due to reaction
by-products (Bajaj et al., 2010). The large amount of enzyme needed
for each reaction makes this process extremely expensive. Paired
with long reaction times of about 24 h, these systems are cost-pro-
hibitive to industrial producers. Commercial lipases are inhibited
by the polar coating effect that short-chain alcohols, such as meth-
anol and ethanol, and glycerol have on the surface of the enzyme,
which decrease their interaction with TAG (Fu and Vasudevan,
2010; Lara and Park, 2004; Tan et al., 2010). To avoid this inhibition,
strategies such as the use of co-solvents like t-butanol (Ferrão-
Gonzales et al., 2011; Fu and Vasudevan, 2010; Lara and Park,
2004; Li et al., 2006; Royon et al., 2007), the use of longer-chain
alcohols (for instance, n-butanol) as acyl acceptors (Iso et al.,
2001) and the stepwise addition of short-chain alcohols, as metha-
nol and ethanol (Hama et al., 2007; Matassoli et al., 2009; Wang
et al., 2010) have been suggested; however, such strategies require
additional downstream processing that makes production more
expensive and time-consuming. Presently, there are no processes
that produce biodiesel in an industrially-viable manner and with
a one-step addition of short chain alcohols.
This work presents a new method of biodiesel production by
simultaneous enzymatic esteriﬁcation of FFA and transesteriﬁca-
tion of TAG, two products that are present in high-acidity waste
feedstocks (HAWFs) from palm oil (Elaeis guineensis) reﬁnement
and the chicken processing industry, called chicken residual oil
(CRO). The HAWFs used in this work have different ratios of FFA
and TAG. The results suggest that the FFA present in HAWFs can
act as a surfactant to avoid the coating effect that causes lipase
inhibition. Additionally, an empirical equation is proposed, based
on the rate constants for the esteriﬁcation and transesteriﬁcation
reactions, that predicts the yields of the enzymatic FAEE produc-
tion from HAWFs with high efﬁciency. Our results may help devel-
op enzymatic processes for biodiesel production that have the
potential to be both economically and technically viable for indus-
trial applications.Table 1
Acidity index (Ia), fraction of TAG (ITAG) and density (D) of feedstocks.
Feedstock Iaa ITAG (mol/mol)b D (g/ml)
POFA 0.805 ± 0.002 0.120 ± 0.008 0.8991c
CRO 0.089 ± 0.002 0.824 ± 0.016 0.9112d
Blend 0.455 ± 0.004 0.479 ± 0.028 0.9009d
a In equivalent mol of oleic acid.
b Considering the average fatty acid composition (see Material and Methods).
c At 40 C.
d At 25 C.2. Methods
2.1. Enzymatic reactions
FAEE Biodiesel synthesis was performed in a Tec-Bio-1,5 reactor
(Tecnal, Piracicaba, SP) attached to a reﬂux condenser. Tempera-
ture and agitation were controlled automatically by the reactor
software interface. HAWFs, including palm oil fatty acid (POFA) ob-
tained from distilling oil palm from (E. guineensis) oil or chicken
residual oil (CRO) obtained from broiler chicken processing in the
food industry, were equilibrated with ethanol at a ratio of 1:5 at
60 C. The molar excess of ethanol was calculated using the aver-
age fatty acid composition and density of the used feedstocks.
The fatty acid (FA) compositions of the HAWFs were obtained from
Dubois et al. (2007) and from Feddern et al. (2010). Immobilized
lipase from Candida antarctica (Novozym 435) was then added at
the weight-to-volume concentrations described in Figures caption.
The system was reacted at 60 C at a constant stirring speed of
400 rpm. A ﬁlter was installed in the bottom sampler of the reactor
ﬂask to separate the catalyst from the collected aliquots during
sampling. Aliquots were collected using a 1 mL syringe through
the bottom sampler of the reactor without stopping the agitation.The thin layer chromatography (TLC), high performance liquid
chromatography (HPLC) or titrimetric analysis were performed
using 200 lL of the samples, as described below.
2.2. Titrimetric analysis of free fatty acid
For titrimetric analysis, reaction aliquots were diluted in 15 mL
of ethanol and 6 drops of 0.1% phenolphthalein. Titration of free
fatty acid was then performed against a standardized 0.05 N KOH
solution until the phenolphthalein changed color. Blank titrations
of 15 mL of ethanol were performed to measure the basal acidity
of the alcohol. All titrations were conducted in triplicate. All re-
agents used were of analytical grade of purity.
2.3. Measurement of fatty acid methyl esters and triacylglycerols
To measure the FAEE and TAG contents, 800 lL of hexane was
added to each sample and mixed vigorously, and then, 150 lL of
this mix was diluted in 850 lL of methanol and analyzed by chro-
matography in a Hitachi Elite Lachrom HPLC equipped with a 20 lL
sample loop. HPLC analyses were performed using a C18 Lichro-
sphere column (Merck) equilibrated at 40 C. UV absorption was
measured at 210 nm. Chromatographic runs were performed by
isocratic elution using a mixture of methanol:hexane (85:15) for
FFA, FAEE and TAG analysis (Royon et al., 2007). Yields of FAEE pro-
duction were determined by the fraction of FAEE in the samples
measured by the absorbance at 210 nm using FAEE standards from
Supelco. All solvents and standards used were of chromatographic
grade.
Immobilized lipase from C. antarctica (Novozym 435) was
kindly given by Novozymes Latin America. POFA was donated by
Petrobras (Biodiesel Production Unity, UBC Candeias, BA). CRO
was provided by Biotank Gestão de Resíduos LTDA, Lauro de Fre-
itas, BA. All other reagents were of analytical grade.
3. Results and discussion
This work demonstrates an enzymatic process for the produc-
tion of FAEE-based biodiesel from HAWF. Two HAWFs were used
in this work: FFA from palm oil (POFA) and chicken residual oil
(CRO). A 50–50 blend of the two feedstocks was also used to eval-
uate the effect of the feedstock acidity on the kinetics of the enzy-
matic production of FAEE. Both feedstocks were used in raw form,
with no pre-treatment. The acidities and TAG content of HAWF
were determined as described in the Section 2. Table 1 summarizes
the main properties of POFA, CRO and the blend of these two HAW-
Fs, hereafter referred to as Blend. Acidity is expressed as acidity
index (Ia) what reﬂects the concentration of FFA in fraction of
equivalent mols of oleic acid. TAG content is expressed as TAG
index (ITAG) what reﬂects the fraction of FA in TAG form.
Although the oil to alcohol molar ratio is one of the parameters
that usually affect the production yields of biodiesel, there is no
agreement on the inﬂuence of this parameter on the rate constant
of the lipase activity in different reaction media, mainly if
high-acidity feedstocks are used (Fjerbaek et al., 2009). Thus, each
Table 2
Rate constants for esteriﬁcation and trasesteriﬁcationa of HAWF.
Feedstock kE (h1) kT (h1)
POFA 0.92 ± 0.23 0.13 ± 0.03
CRO 1.20 ± 0.28 0.12 ± 0.03
Blend 1.01 ± 0.59 0.11 ± 0.02
I.C. Véras et al. / Bioresource Technology 102 (2011) 9653–9658 9655reaction system must be analyzed in detail in order to determine it
particular dependence on the oil to alcohol ratio. It has been de-
scribed that the inﬂuence of oil to alcohol ratio on Novozym 435
was minimized when high-acidity substrates are used (Du et al.,
2007). In this work, an oil to ethanol ratio of 1:5 was used since
we have found that the rate constant of FAEE production from
HAWF has a small dependence on the oil to alcohol ratio up to
1:10 (data not shown).
Three approaches were used to assess the production of FAEE:
(i) measurements of the decay of the acidity to track the conver-
sion of FFA and ethanol into FAEE by esteriﬁcation; (ii) measure-
ments of the decay of TAG content to assess the conversion of
TAG and ethanol into FAEE by transesteriﬁcation; and (iii) mea-
surements of appearance of FAEE levels in the reaction products
from both the esteriﬁcation and transesteriﬁcation reactions. These
combined analytical strategies allowed us to independently deter-
mine the rate constants for the simultaneous esteriﬁcation and
transesteriﬁcation reactions during FAEE production.
Fig. 1 shows the kinetics of FAEE production using 1.5% (w/v)
Novozym 435 as the catalyst and POFA (open circles) or CRO
(closed circles) as feedstock. FAEE production was assessed by
measuring the amount of esteriﬁcation of FFA (Panel A) and transe-
steriﬁcation of TAG over time (Panel B). This data shows that the
esteriﬁcation and transesteriﬁcation reaction kinetics are not af-
fected by the concentration of FFA or TAG present in the initial
feedstock. Table 2 summarizes the rate constants for the esteriﬁca-
tion of FFA and for the transesteriﬁcation of TAG in POFA, CRO and
the Blend. kE and kT are the rate constants of esteriﬁcation and
transesteriﬁcation reactions, respectively, measured as ﬁrst orderFig. 1. Enzymatic production of FAEE by simultaneous esteriﬁcation and transe-
steriﬁcation: Production kinetics of FAEE using 1.5% (w/v) Novozym 435 as the
catalyst were determined in a unique reaction, as shown in the Section 2. Panel A
shows FAEE production reaction followed by esteriﬁcation of FFA, while Panel B
shows FAEE production followed by transesteriﬁcation of TAG. Esteriﬁcation of FFA
was followed by the measurement of the residual FFA content and transesteriﬁ-
cation of TAG was followed by measurement of the fraction of residual TAG, as
described in Section 2. FAEE enzymatic production was performed using both POFA
(open circles) and CRO (closed circles). Data-ﬁtting lines were calculated using a
single exponential decay model. The results represent a single representative
experiment.reactions The reaction kinetics for both esteriﬁcation and transe-
steriﬁcation occur in a single exponential fashion (R2 > 0.98) as
previously demonstrated for transesteriﬁcation in t-butanol sys-
tem (Ferrão-Gonzales et al., 2011). Nevertheless, the rate constants
for both esteriﬁcation (kE) and transesteriﬁcation (kT) could be
determined by ﬁtting the data to single exponential equations.
Rate constants for esteriﬁcation and transesteriﬁcation are not sig-
niﬁcantly inﬂuenced by the acidity of the feedstock, as demon-
strated by the similar kinetics values for the POFA, CRO and
Blend feedstocks. These results indicate that common kinetic
behaviors might exist during the enzymatic production of FAEE
when acidity and TAG content are taken into account.
To investigate the reaction rate constant’s dependence on cata-
lyst concentration, a range of catalyst concentrations was used to
produce FAEE and measured the reaction kinetics, as shown in
Fig. 2. The rate constant of the production reaction increased in a
linear fashion with the concentration of the catalyst. This behavior
was also observed for the transesteriﬁcation reaction (data not
shown), which allowed us to include the catalyst concentration
as another parameter in our empirical FAEE rate constant predic-
tion equation. As shown in Fig. 1 and Table 2, rate constants for
both esteriﬁcation (kE) and transesteriﬁcation (kT) are not depen-
dent on the acidity of the HAWF. This is noted by the similar rate
constants measured for the three HAWFs used. The magnitude of
the exponential growth for the reaction yields is proportional to
the acidity index (Ia) for esteriﬁcation and to the TAG content (ITAG)
for transesteriﬁcation. These two parameters measure the molar
fraction of fatty acids and thus reﬂect the amount of FA converted
to FAEE by these two pathways.
Based on a series of independent measurements of esteriﬁca-
tion and transesteriﬁcation reaction rate constants, the following
empirical equation was derived to determine the kinetic behavior
of overall FAEE production as a function of the time:Fig. 2. Catalyst concentration inﬂuences FAEE production kinetics: Kinetics of FAEE
production by esteriﬁcation using POFA were determined by titrimetric analysis as
shown in the Section 2, in the presence of 1% (closed circles), 3% (open circles), 5%
(closed triangles), 7% (open triangles), 10% (closed squares) and 15% (open squares)
Novozym 435 (w/v). Inset shows the reaction rate constants as a function of the
catalyst concentration. Error bars represent MSD from three experiments.
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where Ia and ITAG are the fraction of FFA and TAG, respectively (see
Table 1), C is the concentration of Novozym 435 (in % w/v) in rela-
tion to the reaction mixture, kE and kT are the absolute rate con-
stants for esteriﬁcation and transesteriﬁcation, and t is the time in
hours.
Using this equation, it is possible to predict the reaction kinetics
of FAEE production from any HAWF given only its acidity index and
TAG content. Eq. (1) was used to predict the kinetics of FAEE pro-
duction as a function of the acidity of the feedstock and the con-
centration of the catalyst. Fig. 3 shows predictions of the
enzymatic FAEE production by simultaneous esteriﬁcation of FFA
and transesteriﬁcation of TAG. Panel A shows the predicted kinet-
ics as a function of the concentration of the catalyst in a feedstock
with a high acidity index (0.8), and Panel B shows predicted kinet-
ics as a function of the acidity index of the feedstock, holding the
catalyst concentration constant at 1.5%. The symbols are experi-
mental points measured for the FAEE production by HPLC (see Sec-
tion 2). Our prediction using Ia = 0.09 ﬁt well to the experimental
data corresponding to CRO feedstock (Ia = 0.089 ± 0.002), while
our predictions using Ia = 0.45 and Ia = 0.80 ﬁt the experimental
data corresponding to the Blend (Ia = 0.455 ± 0.004) and POFA
(Ia = 0.805 ± 0.002), respectively. As shown in Fig. 3, there is excel-
lent agreement between the experimental and predicted kinetics
for FAEE production for each feedstock and catalyst concentration
used. In previous work, Ferrão-Gonzales et al. (2011) demonstrated
that the enzymatic production of FAEE using neat rapeseed oil
showed a mono-exponential rate constant, suggesting a ﬁrst (or
pseudo-ﬁrst) order reaction. Here, it was observed that FAEE yieldsFig. 3. Predicting the kinetics of FAEE production: FAEE production kinetics were
predicted using Eq. (1). Predictions were made as a function of the concentration of
the catalyst (Panel A) and the acidity of the feedstock (Ia) (Panel B) and were then
compared to the corresponding experimental data. Panel A: Lines represent the
predicted kinetics of enzymatic FAEE production using the following catalyst
concentrations (C): from 0.5%, 1.5%, 5%, 10%, 20% and 30% (w/v) (from bottom to
top). Experiments were performed with 1.5% (closed circles) and 10% (open circles)
Novozym 435 (w/v). Panel B: Lines represent the predicted kinetics of enzymatic
FAEE production using the acidity index (Ia) values of different HAWFs (from
bottom to top): 0.09, 0.45, 0.65 and 0.80. Experiments were performed with CRO
(closed circles), the Blend (closed triangles) or POFA (open circles).varied over time in a second order exponential manner, where the
ﬁrst rate constant is similar to that observed for the esteriﬁcation
reaction, while the second rate constant reﬂected observed values
for the transesteriﬁcation reaction (see Table 2). Similar results
were observed if ITAG was substituted by 1  Ia in Eq. (1) (data
not shown).
The enzymatic production of FAEE from HAWFs using Novozym
435 performed faster than most processes presented in literature,
even those that include stepwise addition of an alcohol or co-solvent
(Fjerbaek et al., 2009; Marchetti and Errazu, 2008). As seen in Fig. 3,
even faster reaction speeds could be achieved by using higher con-
centrations of catalyst. Reaction times as short as 20 min were seen
at catalyst concentrations above 10%. These results can be used to
predict the behavior of enzymatic FAEE production for different
reactor designs as a function of the available feedstock.
Although lipase-catalyzed production of biodiesel presents
many advantages compared to chemical catalysis, the process
has not yet been fully implemented on an industrial scale due to
the high cost of enzyme production, slow reaction rates and en-
zyme deactivation (Bajaj et al., 2010). Biodiesel production by the
enzymatic transesteriﬁcation of vegetable oils lacks efﬁciency
due to the interference of short-chain alcohols with lipase activity
in the presence of TAG. To avoid this toxic affect, stepwise addition
of alcohols (Hama et al., 2007; Matassoli et al., 2009; Wang et al.,
2010) and the use of co-solvents (Ferrão-Gonzales et al., 2011; Fu
and Vasudevan, 2010; Lara and Park, 2004; Li et al., 2006; Royon
et al., 2007) have been proposed. These strategies, though effective
for a laboratory-scale reaction, add downstream steps to produc-
tion that reduce their viability for industrial application. Enzymatic
production of biodiesel has been also proposed in supercritical
ﬂuid (Ciftci and Temelli, 2011). Although the production in super-
critical ﬂuid is a promise technology, it still requires expensive and
time-consuming process. Our results suggest that the toxic effect
exerted by low-chain alcohols on the lipase can be drastically re-
duced if FFA and ethanol are used as reactants.
The enzymatic production of biodiesel by transesteriﬁcation of
TAG oils requires further strategies to avoid the inhibition of lipase,
such as the addition of co-solvents (Ferrão-Gonzales et al., 2011; Fu
and Vasudevan, 2010; Lara and Park, 2004; Li et al., 2006;Royon
et al., 2007) or stepwise addition of the alcohol (Hama et al., 2007;
Matassoli et al., 2009;Wang et al., 2010). Both solutions, though fea-
sible, add downstream processes to the production, making it
expensive and time-consuming. Short-chain alcohols and glycerol
inhibit enzymes by forming a hydrophilic coat on the enzyme’s sur-
face that exclude TAG from the active site (Fu and Vasudevan, 2010;
Hamaet al., 2007; Tan et al., 2010). The use of co-solvents is believed
to reduce the interfacial tension that arises in solutiondue to solubil-
ity issues between methanol (or ethanol) and TAG. By interacting
with theenzymeactive site, TAGcanconsequentlybe transesteriﬁed
(Li et al., 2006; Tan et al., 2010). Such low solubility is not observed
for ethanol in FFAs or FFA-rich feedstocks, such as most HAWF oils.
In the presence of Novozym 435, FFAs are quickly esteriﬁed with
ethanol to form FAEE, suggesting that these conditions at least par-
tially inhibit ethanol’s toxic effect by lowering the superﬁcial ten-
sion between FFA and ethanol. These results demonstrate that
Novozym 435 is able to not only esterify FFA but also transesterify
TAGpresent inHAWFs at a kinetic rate constant comparable to those
observed for co-solvent systems (Ferrão-Gonzales et al., 2011; Fu
and Vasudevan, 2010; Lara and Park, 2004; Li et al., 2006; Royon
et al., 2007). This outcome suggests that FFA and ethanol can act to-
gether as solvents, preventing the toxic enzyme-coating effect and
allowing TAG to access the lipase active site.
By using ethanol to produce biodiesel fromHAWFsminimizes, or
even abolishes, the inhibitory effect observed when edible oils and
fats are used as the feedstock. As a consequence, our method
can take place in less than two hours if anhydrous ethanol and 7%
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can takehours to complete (Fjerbaek et al., 2009). The reaction kinetics
increase linearlywith catalyst concentrationup to 15%w/v,which cor-
responds to a reaction time of approximately 30–40min (Fig. 2). This
process may be considered for use in continuous ﬂow reactions in a
bed reactor where enzyme concentrations can be even greater.
In a previous work, the dependence of the kinetics of enzymatic
FAEE production on the temperature was demonstrated using Nov-
ozym 435 (Ferrão-Gonzales et al., 2011). The rate constant for enzy-
matic transesteriﬁcation increases with temperature up to 60 C. In
thiswork, production experimentswere performed at 60 C because
Novozym 435 has shown to be stable at 50–60 C for our reaction
times (Chen et al., 2011; Du et al., 2008; Royon et al., 2007; Talukder
et al., 2008). Additionally, the use of Novozym 435 in a continuous
packed-bed reactor for 50 days at 60 C without any loss of enzy-
matic activity has been reported (Séverac et al., 2011). Because Eq.
(1) was based on experiments performed at 60 C, values for kE
and kT must be adjusted for processes that are carried out at other
temperatures to accurately predict the kinetics of FAEE. The optimal
temperature of reaction for performing enzymatic catalysis is a
trade-off between the speed/yields of the reaction and the catalyst
life time. As immobilization of the enzyme allows its reutilization,
processes in which the enzyme remains stable and, consequently
can be reusable for several times with minimal deactivation, are
desirable in order to improve the viability of the biodiesel produc-
tion. For economic reasons, the best processes are those that give
the highest yields in the shortest time and at the lowest tempera-
ture.However, inactivation of the enzymeover timemust be consid-
ered as well.
Most of the biodiesel produced worldwide is made using meth-
anol. However, methanol is mostly obtained from fossil sources.
Ethanol, however, can be obtained from renewable sources, such
as corn or sugarcane, which makes FAEE-based biodiesel a fully
renewable biofuel. Ethanol-based biodiesel production could be
an economically viable alternative in ethanol-producing countries,
such as USA and Brazil.
As long as enzyme production and immobilization become fas-
ter and cheaper, the enzymatic production of biofuels could be
industrially viable because of its short reaction times and its use
of ethanol and HAWF as feedstocks. Developing reactors for this
purpose is a crucial step toward economically competitive biodie-
sel. This work could aid in the development of such reactors by
simulating production conditions for a range of HAWFs and exper-
imentally determining conditions for the available feedstocks.4. Conclusion
This work demonstrates an enzymatic process for the produc-
tion of FAEE from HAWF through simultaneous esteriﬁcation and
transesteriﬁcation. The enzymatic production of FAEE performed
faster than most processes presented in literature, even those that
include stepwise addition of alcohol or co-solvents. An empirical
equation was derived to determine the kinetic behavior of FAEE
production. The kinetics of FAEE production from any HAWF can
be predicted given only its acidity index and TAG content. These
results can be used to predict the behavior of enzymatic FAEE pro-
duction as a function of the available feedstock.Acknowledgements
Supported byFundação de Amparo à Pesquisa do Estado da
Bahia (FAPESB) and Conselho Nacional de Desenvolvimento Cientí-
ﬁco e Tecnológico (CNPq).
The authors thank Novozymes Latin America for Novozym 435
samples, PETROBRAS (Unidade de Biodiesel de Candeias – UBC),Candeias, BA for POFA samples, and Biotank Gestão de Resíduos
LTDA, Lauro de Freitas, BA, Brazil for CRO samples.
The authors also thank Dr. Leonardo Maestri Teixeira for the
critical reading of this manuscript.References
Bajaj, A., Purva, L., Prabhat, N., Rajesh, M., 2010. Biodiesel production through lipase
catalyzed transesteriﬁcation, an overview. J. Mol. Catal. 62, 9–14.
Berchmans, H.J., Hirata, S., 2008. Biodiesel production from crude Jatropha curcas L.
seed oil with a high content of free fatty acids. Bioresour. Technol. 99, 1716–
1721.
Cavalcanti-Oliveira, E.A., da Silva, P.R., Ramos, A.P., Aranda, D.A.G., Freire, D.M.G.,
2011. Study of soybean oil hydrolysis catalyzed by Thermomyces lanuginosus
lipase and its application to biodiesel production via hydroesteriﬁcation.
Enzym. Res. 2011, 618692.
Chen, H.C., Hen, Y.J., Wu, T.T., Liu, Y.C., Lee, C.C., Chang, C., Chung, Y.L., Chwen, J.S.,
2011. Continuous production of lipase-catalyzed biodiesel in a packed-bed
reactor, optimization and enzyme reuse study. J. Biomed. Biotechnol. 2011,
950725.
Ciftci, O.N., Temelli, F., 2011. Continuous production of fatty acid methyl esters from
corn oil in a supercritical carbon dioxide bioreactor. J. Supercritical Fluids 58,
79–87.
Demirbas, A., 2009. Progress and recent trends in biodiesel fuels. Energy Convers.
Manag. 50, 14–34.
Du, W., Wang, L., Liu, D., 2007. Improved methanol tolerance during Novozym435-
mediated methanolysis of SODD for biodiesel production. Green Chem. 9, 173–
176.
Du, W., Li, W., Sun, T., Chen, X., Liu, D., 2008. Perspectives for biotechnological
production of biodiesel and impacts. App. Microbiol. 79, 331–337.
Dubois, V., Breton, S., Linder, M., Fanni, J., Parmentier, M., 2007. Fatty acid proﬁles of
80 vegetable oils with regard to their nutritional potential. Eur. J. Lipid Sci.
Technol. 109, 710–732.
Feddern, V., Kupski, L., Cipolatti, E.P., Giacobbo, G., Mendes, G.L., Badiale-Furlong, E.,
Souza-Soares, L.A., 2010. Physico-chemical composition, fractionated glycerides
and fatty acid proﬁle of chicken skin fat. Eur. J. Lipid Sci. Technol. 112, 1277–
1284.
Ferrão-Gonzales, A.D., Veras, I.C., Silva, F.A.L., Alvarez, H.M., Moreau, V.H., 2011.
Thermodynamic analysis of the kinetics reactions of the production of FAME
and FAEE using Novozyme 435 as catalyst. Fuel Process. Technol. 92, 1007–
1011.
Fjerbaek, L., Christensen, K.V., Norddahl, B., 2009. A review of the current state of
biodiesel production using enzymatic transesteriﬁcation. Biotechnol. Bioeng.
102, 1298–1315.
Fu, B., Vasudevan, P.T., 2010. Effect of solvent–co-solvent mixtures on lipase-
catalyzed transesteriﬁcation of canola oil. Energy and Fuels 24, 4646–4651.
Fukuda, H., Kondo, A., Noda, H., 2001. Biodiesel fuel production by
transesteriﬁcation of oils. J. Biosci. Bioeng. 92, 405–416.
Hama, S., Yamaji, H., Fukumizu, T., Numata, T., Tamalampudi, S., Kondo, A., Noda, H.,
Fukuda, H., 2007. Biodiesel-fuel production in a packed-bed reactor using
lipase-producing. Biochem. Eng. J. 34, 273–278.
Iso, M., Chen, B., Eguchi, M., Kudo, T., Shrestha, S., 2001. Production of biodiesel fuel
from triglycerides and alcohol using immobilized lipase. J. Mol. Catal. B, Enz. 16,
53–58.
Kulkarni, M.G., Dalai, A.K., 2006. Waste cooking oil an economical source for
biodiesel, a review. Ind. Eng. Chem. Res. 45, 2901–2913.
Kusdiana, D., Saka, S., 2004. Two-step preparation for catalyst-free biodiesel fuel
production. App. Biochem. Biotechnol. 115, 781–791.
Lam, M.K., Lee, K.T., Mohamed, A.R., 2010. Homogeneous, heterogeneous and
enzymatic catalysis for transesteriﬁcation of high free fatty acid oil (waste
cooking oil) to biodiesel, a review. Biotechnol. Adv. 28, 500–518.
Lara, P.V., Park, E.Y., 2004. Potential application of waste activated bleaching earth
on the production of fatty acid alkyl esters using Candida cylindracea lipase in
organic solvent system. Enz. Microb. Technol. 34, 270–277.
Li, L., Du, W., Liu, D., Wang, L., Li, Z., 2006. Lipase-catalyzed transesteriﬁcation of
rapeseed oils for biodiesel production with a novel organic solvent as the
reaction medium. J. Mol. Catal. B, Enz. 43, 58–62.
Lou, W.Y., Zong, M.H., Duan, Z.Q., 2008. Efﬁcient production of biodiesel from high
free fatty acid-containing waste oils using various carbohydrate-derived solid
acid catalysts. Bioresour. Technol. 99, 8752–8758.
Ma, F., Hanna, M.A., 1999. Biodiesel production, a review. Bioresour. Technol. 70, 1–
15.
Marchetti, M., Errazu, F., 2008. Comparison of different heterogeneous catalysts and
different alcohols for the esteri cation reaction of oleic acid. Fuel 87, 3477–3480.
Matassoli, A., Correa, I.N.S., Portilho, M.F., Veloso, C.O., Langone, M.A.P., 2009.
Enzymatic synthesis of biodiesel via alcoholysis of palm oil. App. Biochem.
Biotechnol. 155, 347–355.
Royon, D., Daz, M., Ellenrieder, G., Locatelli, S., 2007. Enzymatic production of
biodiesel from cotton seed oil using t-butanol as a solvent. Bioresour. Technol.
98, 648–653.
Séverac, E., Galy, O., Turon, F., Monsan, P., Marty, A., 2011. Continuous lipase-
catalyzed production of esters from crude high-oleic sunﬂower oil. Bioresour.
Technol. 102, 4954–4961.
9658 I.C. Véras et al. / Bioresource Technology 102 (2011) 9653–9658Talukder, M.M.R., Wu, J., Lau, S.K., Cui, L.C., Shimin, G., Lim, A., 2008. Comparison of
Novozym 435 and Amberlyst 15 as heterogeneous catalyst for production of
biodiesel from palm fatty acid distillate. Energy and Fuels 23, 1–4.
Tan, T., Lu, J., Nie, K., Deng, L., Wang, F., 2010. Biodiesel production with
immobilized lipase, a review. Biotechnol. Adv. 28, 628–634.
Wang, Y., Shen, X.Y., Li, Z., Li, X., Wang, F., Jiang, J.C., 2010. Immobilized recombinant
Rhizopus oryzae lipase for the production of biodiesel in solvent free system. J.
Mol. Catal. B, Enz. 67, 45–51.
Watanabe, Y., Pinsirodom, P., Nagao, T., Kobayashi, T., Nishida, Y., Takagi, Y.,
Shimada, Y., 2005. Production of FAME from acid oil model using immobilized
Candida antarctica lipase. J. Am. Oil Chem. Soc. 82, 825–831.Zaﬁropoulos, N.A., Ngo, H.L., Foglia, T.A., Samulski, E.T., Lin, W., 2007. Catalytic
synthesis of biodiesel from high free fatty acid-containing feedstocks. Chem.
Commun. 35, 3670–3672.
Zhang, J., Jiang, L., 2008. Acid-catalyzed esteriﬁcation of Zanthoxylum bungeanum
seed oil with high free fatty acids for biodiesel production. Bioresour. Technol.
99, 8995–8998.
Zhang, Y., Dube, M.A., McLean, D.D., Kates, M., 2003. Biodiesel production from
waste cooking oil, 2 economic assessment and sensitivity analysis. Bioresour.
Technol. 90, 229–240.
